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Introduction
Nuclear mRNA transcripts acquire a protein coat composed of 
cap- and RNA-binding proteins that allow nuclear export and 
dictate the functional program of cytoplasmic mRNAs (Moore, 
2005). Some mRNAs are programmed for immediate transla-
tion, a process that remodels the protein coat and assembles a 
polysome. After productive translation, mRNAs are deadenyl-
ated, polysomes are disassembled, and the mRNA is either de-
graded or stored. Other mRNAs are programmed for delayed 
translation, allowing transcripts to be transported or stored until 
developmental or environmental cues call for their translation. 
In both cases, a subset of translationally silenced mRNAs is 
packaged into RNP granules that lack a limiting membrane and 
are visible using light microscopy. Different classes of RNA 
granules share some protein components and may use similar 
mechanisms to regulate mRNA translation/decay.
Germ cell granules
Morphological descriptions of RNA granules originated with 
Metschnikoff (1865), who described dark staining granules at 
one pole within Miastor metraloas (fl  y) larvae. Subsequent 
studies showed that “polar granules” defi  ne sites of primordial 
germ cell differentiation in a variety of insect species (Ritter, 
1890; Hegner, 1914). Analogous structures called germinal 
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granules in Xenopus laevis, polar granules in Drosophila mela-
nogaster, and P granules in Caenorhabditis elegans (here col-
lectively referred to as germ cell granules [GCGs]) are RNP 
particles containing maternal mRNA that is required for germ 
cell specifi  cation (Schisa et al., 2001; Leatherman and Jongens, 
2003). GCGs direct the timing of maternal mRNA translation 
to promote germ cell development in the early embryo and es-
tablish the germ line for the next generation. Germ cells contain 
other granules that may harbor translationally silenced mRNAs 
important for the development of other early embryonic tissues 
(Navarro and Blackwell, 2005). In addition to polyadenylated 
maternal transcripts (Schisa et al., 2001), GCGs contain pro-
teins that regulate mRNA translation/decay, including the fol-
lowing: (1) multiple RNA-binding proteins, several of which 
are essential for both GCG structure and germ cell development 
(Fig. 1; Johnstone and Lasko, 2001); (2) CAR-1, an Sm protein 
related to Lsm proteins that regulate mRNA splicing, decap-
ping, and decay; (3) CGH-1, an RNA helicase that is related to 
Dhh1 and p54/Rck, enzymes involved in translational silencing 
and decapping; (4) DCP1, a decapping enzyme; and (5) ortho-
logues of the translation initiation factors eIF4E and eIF5A. 
Thus, GCGs contain proteins involved in translation initia-
tion, translation control, and mRNA decay, which is   consistent 
with their proposed role in the regulation ofs maternal 
mRNA expression.
Stress granules
Discovery. Many years after the description of GCGs, an-
other RNA granule was observed in the cytoplasm of tomato 
cells subjected to heat shock. So-called heat stress granules 
(SGs) contain mRNAs encoding most cellular proteins but ex-
clude mRNAs encoding heat shock proteins (Nover et al., 1989). 
Compositionally similar SGs appear in the cytoplasm of mam-
malian cells exposed to environmental stress (e.g., heat, oxida-
tive conditions, UV irradiation, and hypoxia). In response to 
stress, eukaryotic cells reprogram mRNA metabolism to repair 
stress-induced damage and adapt to changed conditions. During 
this process, the translation of mRNAs encoding “housekeep-
ing” proteins is aborted, whereas the translation of mRNAs en-
coding molecular chaperones and enzymes involved in damage 
repair is enhanced. Selective recruitment of specifi  c mRNA 
transcripts into SGs is thought to regulate their stability and 
translation (Anderson and Kedersha, 2002).
Composition and internal dynamics. Stalled 
48S preinitiation complexes are the core constituents of SGs, 
which include small but not large ribosomal subunits as well as 
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Cytoplasmic RNA granules in germ cells (polar and ger-
minal granules), somatic cells (stress granules and pro-
cessing bodies), and neurons (neuronal granules) have 
emerged as important players in the posttranscriptional 
regulation of gene expression. RNA granules contain 
various ribosomal subunits, translation factors, decay 
enzymes, helicases, scaffold proteins, and RNA-binding 
proteins, and they control the localization, stability, and 
translation of their RNA cargo. We review the relation-
ship between different classes of these granules and dis-
cuss how spatial organization regulates messenger RNA 
translation/decay.JCB • VOLUME 172 • NUMBER 6 • 2006 804
the early translation initiation factors eIF2, eIF3, eIF4E, and 
eIF4G (Kedersha et al., 2002; Kimball et al., 2003). In addi  -
tion, SGs contain PABP1 (Kedersha et al., 1999), the p54/Rck 
helicase (Wilczynska et al., 2005), the 5'–3' exonuclease 
XRN1 (Kedersha et al., 2005), and many RNA-binding proteins 
that regulate mRNA structure and function, including HuR, 
Staufen, Smaug, TTP, Fragile X mental retardation protein, 
G3BP, CPEB, and SMN (see Fig. 1 for specifi  c references). SGs 
also contain putative scaffold proteins such as Fas-activated 
serine/threonine phosphoprotein (Kedersha et al., 2005). Like 
  tomato heat SGs, mammalian SGs selectively exclude mRNAs 
encoding stress-induced heat shock proteins (Kedersha and 
  Anderson, 2002). However, SGs are not stable repositories of 
untranslated mRNA, as drugs that stabilize (e.g., cycloheximide) 
or destabilize (e.g., puromycin) polysomes inhibit or promote 
SG assembly, respectively, which is indicative of a dynamic 
equilibrium between these structures (Kedersha et al., 2000). 
Moreover, FRAP analysis reveals that many SG-associated 
RNA-binding proteins (e.g., TIA-1, TIAR, TTP, G3BP, and 
PABP) rapidly shuttle in and out of SGs despite the large size 
(several micrometers) and apparent solidity of these cytoplas-
mic domains (Kedersha et al., 2000, 2005). Given that these 
proteins also regulate mRNA translation and decay, their rapid 
fl  ux through SGs supports the notion that SGs are triage centers 
that sort, remodel, and export specifi  c mRNA transcripts for 
  reinitiation, decay, or storage. At the same time, SGs contain 
components with no obvious link to RNA metabolism, notably 
TRAF2 (Kim et al., 2005), which is recruited to SGs via its 
binding to eIF4G and may link SGs to apoptosis. 
Assembly and function. Unlike other RNA gran-
ules, SGs are not seen in cells growing under favorable con-
ditions but are rapidly induced (15–30 min) in response to 
environmental stress. The phosphorylation of translation initia-
tion factor eIF2α by a family of stress-activated kinases (e.g., 
protein kinase R [PKR], PKR-like ER kinase, GCN2, and 
heme-regulated inhibitor) is critical for the assembly of SGs. 
Phosphorylation of eIF2α reduces the availability of the eIF2–
GTP–tRNAi
Met ternary complex, thereby blocking translation 
initiation and promoting polysome disassembly. The following 
data establish the central importance of phospho-eIF2α in SG 
assembly: (1) the expression of a recombinant phosphomimetic 
mutant of eIF2α (S51D) is suffi  cient to induce the assembly of 
SGs (Kedersha et al., 1999); (2) the expression of a recombinant 
nonphosphorylatable mutant of eIF2α (S51A) prevents the as-
sembly of SGs (Kedersha et al., 1999); and (3) mutant mouse 
embryonic fi  broblasts expressing only the nonphosphorylatable 
form of eIF2α (S51A) do not assemble SGs in response to heat, 
arsenite-induced oxidative stress, or FCCP-induced metabolic 
stress, but they can assemble SGs when transfected with recom-
binant eIF2α (S51D; McEwen et al., 2005). Thus, phospho-
eIF2α is essential for SG assembly.
Several proteins act downstream of phospho-eIF2α to po-
tentiate or inhibit SG assembly. Self-aggregation of either TIA 
proteins or G3BP promotes SG assembly. Stress-induced aggre-
gation of TIA proteins is mediated by a glutamine-rich prionlike 
domain that is regulated by HSP70 (Gilks et al., 2004). Simi-
larly, self-aggregation of the RNA-binding protein G3BP (Ras-
GAP-SH3–binding protein) promotes SG assembly, a process 
that is regulated by phosphorylation at serine 149 (Tourriere 
et al., 2001). Although not present in SGs, the mitochondria-
associated apoptosis-inducing factor inhibits SG assembly 
by shifting the cellular redox potential (Cande et al., 2004). 
Finally, various mitochondrial poisons induce SGs, suggesting 
a requirement for ATP in either SG assembly or disassembly 
Figure 1.  Comparative composition of cytoplasmic RNA granules. Green, present; red, absent. *, weakly present.RNA GRANULES • ANDERSON AND KEDERSHA 805
(Kedersha et al., 2000, 2005). Thus, SG assembly/disassembly is 
regulated by numerous signaling pathways acting downstream 
of phospho-eIF2α.
SGs are also detectable in tissues from stressed animals. 
In chickens treated with the ototoxic antibiotic gentamycin, the 
appearance of SGs in cochlear cells (Mangiardi et al., 2004) 
  occurs several hours before the onset of apoptosis. In another 
study, whole-animal radiotherapy induces SG assembly within 
individual tumor cells (Moeller et al., 2004), in which the 
  radiation-induced translation of hypoxia inducible factor–1α-
regulated transcripts is delayed pending SG disassembly during 
recovery, suggesting that the expression of these transcripts is 
inhibited by their retention in SGs. Similar results have been 
described using an animal model of stroke, in which SGs may 
regulate protein translation in neurons during ischemia (Kayali 
et al., 2005). These studies indicate that SGs are not in vitro 
  artifacts of cell culture but are an integral part of the organism 
  response to stress.
Processing bodies
Discovery. The processing body (PB) is a distinct cyto-
plasmic RNA granule that contains components of the 5'–3' 
mRNA decay machinery, the nonsense-mediated decay path-
way, and the RNA-induced silencing complex. The focal dis-
tribution of mammalian 5'–3' exonuclease XRN1 (Bashkirov 
et al., 1997) provided the fi  rst intimation of the spatial regu-
lation of mRNA decay (Bashkirov et al., 1997). Subsequent 
studies demonstrating the focal distribution of other RNA 
decay factors such as the decapping enzymes DCP1/DCP2 
and the Lsm proteins (Bashkirov et al., 1997; Eystathioy 
et al., 2002, 2003; Ingelfi  nger et al., 2002; van Dijk et al., 
2002, 2003) supported a model of spatially discrete mRNA 
decay foci. Functional studies in yeast confi  rmed this model 
by demonstrating that mRNAs containing 5'–3' exonuclease-
resistant oligo-G tracts accumulate at these foci, leading to 
their designation as PBs (Sheth and Parker, 2003). Similarly, 
knockdown of XRN1 leads to the accumulation of poly(A)
+ 
mRNA at PBs in mammalian cells (Cougot et al., 2004). 
Whereas SGs are heterogeneous in size and shape, PBs are 
uniform spheroid particles that increase in size and number in 
response to stress (Kedersha et al., 2005; Teixeira et al., 2005; 
Wilczynska et al., 2005).
Composition. The components of PBs have been de-
fi  ned in complementary studies in lower and higher eukaryotic 
cells (Bashkirov et al., 1997; Eystathioy et al., 2002, 2003; 
 Ingelfi  nger et al., 2002; van Dijk et al., 2002, 2003). PBs contain 
enzymes that are required for each phase of the general mRNA 
decay pathway, including a deadenylase (CCR4), a decapping 
enzyme complex (including DCP1/2, Hedls, hEdc3, and p54/
RCK; Fenger-Gron et al., 2005; Yu et al., 2005), and an exonu-
clease (XRN1). PBs also contain an Lsm1–7 heptamer that reg-
ulates various aspects of RNP   assembly (Ingelfi   nger et al., 
2002) and components of the nonsense-mediated decay path-
way (e.g., SMG5, SMG7, and UPF1; Unterholzner and 
  Izaurralde, 2004; Fukuhara et al., 2005). In mammalian cells, 
PBs contain components of the RNA-induced silencing complex 
(e.g., argonaute and   microRNA [miRNA]; Liu et al., 2005b; 
Sen and Blau, 2005), the eIF4E-binding protein 4-ET, and 
GW182, an RNA-binding protein required for miRNA-dependent 
silencing (Jakymiw et al., 2005; Liu et al., 2005a; Rehwinkel 
et al., 2005). The translation initiation factor eIF4E and the 
translational silencer/RNA helicase p54/RCK are also found 
in PBs, suggesting that they are sites of translational control 
as well as mRNA decay. Finally, PBs contain several RNA-
binding proteins associated with mRNA translation/decay, in-
cluding TTP, BRF1, CPEB, 4-ET, and Smaug (Fig. 1).
Function. Many important functional studies of PBs 
were performed in Saccharomyces cerevisiae, which lack SGs 
(Teixeira et al., 2005). Yeast PBs exhibit many properties com-
mon to mammalian SGs: (1) both increase in size and number 
in response to glucose deprivation, osmotic stress, and UV 
  irradiation (Teixeira et al., 2005); (2) both contain mRNA in 
equilibrium with polysomes (Brengues et al., 2005); and (3) 
Dhh1p/Pat1p-enforced polysome disassembly causes PB as-
sembly in yeast (Coller and Parker, 2005), whereas  puromycin-
enforced polysome disassembly causes SG assembly in 
mammalian cells (Kedersha et al., 2000). Studies in fi  ssion 
yeast indicate that Schizosaccharomyces pombe assembles 
SG-like structures containing eIF3, eIF4A, and RNA in 
  response to heat shock (Dunand-Sauthier et al., 2002), making 
speculation as to the possible evolutionary relationship  between 
SGs and PBs premature. In mammalian cells, SG formation 
requires eIF2α phosphorylation, whereas stress-induced PB 
formation does not (Kedersha et al., 2005). The signaling path-
ways that regulate PB assembly remain to be determined. 
  Recent work in mammalian cells defi  nes a PB core complex 
(Fenger-Gron et al., 2005), which is likely to be a key player in 
PB assembly.
Many metazoan PB components (hedls, GW182, and 
eIF4-ET) have no yeast counterparts, yet knocking down any 
one of these inhibits PB assembly and impairs PB function. For 
example, knockdown of 4E-T or GW182 concurrently inhibits 
adenine/uridine-rich element–mediated (Ferraiuolo et al., 2005; 
Stoecklin et al., 2006) and short inhibitory RNA–mediated 
  (Jakymiw et al., 2005; Liu et al., 2005a; Rehwinkel et al., 2005) 
mRNA decay. Mammalian PBs are sites of miRNA-mediated 
translational silencing (which has not been reported to occur in 
yeast). Reporter transcripts targeted by miRNAs accumulate at 
PBs in a miRNA-dependent manner (Liu et al., 2005b; Pillai 
et al., 2005), and mutations that displace argonaute from PBs 
abrogate the translational silencing of its target reporter mRNAs 
(Liu et al., 2005a). Collectively, these results indicate that PBs 
house multiple mRNA decay and silencing processes.
Although PBs and SGs are distinct structures, they share 
many components (Fig. 1) and interact with one another 
in stressed mammalian cells. Real-time fl  uorescence imaging 
shows that PBs are highly motile, whereas SGs are relatively 
fi  xed, although SGs exhibit fi  ssion, fusion, and occasional dis-
persal, which is consistent with their proposed role in sorting 
and export of their contents (Kedersha et al., 2005). When a 
motile PB encounters an SG, it is immobilized in an apparent 
“docking” process. After spending some minutes tethered to the 
SG, it can disengage and resume its cytosolic survey. As desta-
bilizing factors such as TTP and BRF1 promote interactions JCB • VOLUME 172 • NUMBER 6 • 2006 806
  between SGs and PBs, mRNAs marked by these proteins may 
be delivered from SGs to PBs for decay. Thus, SGs act as inter-
mediates between polysomes and PBs and may sort and modu-
late the increased fl  ow of untranslated mRNA that accompanies 
stress. The close relationship between SGs and PBs in mamma-
lian cells reiterates the dynamic link between mRNA translation 
and mRNA decay in yeast (Coller and Parker, 2005).
Neuronal granules
Neurons have evolved unique mechanisms that enable events 
initiated at the cell body to rapidly trigger protein synthesis at 
distant synaptic surfaces. This entails packaging mRNA into 
neuronal granules for transport to sites of translation. Neuronal 
granules harbor translationally silenced mRNAs that are trans-
ported to dendritic synapses, where they are released and trans-
lated in response to specifi  c exogenous stimuli (Krichevsky and 
Kosik, 2001; for review see Kosik and Krichevsky, 2002). They 
contain mRNA, small and large ribosomal subunits, translation 
initiation factors (e.g., eIF4E and eIF2α), and RNA-binding 
proteins that regulate mRNA function (e.g., HuD, G3BP, Sam68, 
SYNCRIP, hnRNP A2, RNG105, FMRP, and Staufen; see Fig. 1 
for references). Despite the presence of intact ribosomes, mRNA 
associated with neuronal granules is not translated until it ar-
rives at the synapse, where its translation may require an acti-
vating stimulus. For example, in neuroblastoma cells, zipcode 
binding protein 1 (ZBP1) facilitates the transport of β-actin 
mRNA along neurites. During cytoplasmic transport, ZBP1 in-
hibits the translation of its associated transcripts. When β-actin 
transcripts reach the periphery of the cell, the Src-  dependent 
phosphorylation of ZBP1 releases the mRNA and allows 
the synthesis of β-actin protein (Huttelmaier et al., 2005). 
SGs and neuronal granules share many protein components 
(Fig. 1), and Staufen can be transferred from neuronal granules 
to SGs in response to stress (Thomas et al., 2005). These results 
reveal a dynamic interrelationship between various types of 
RNA granules.
Links between RNA granules
All RNA granules harbor translationally silenced mRNA. GCGs 
and neuronal granules harbor highly specifi   c mRNA cargo, 
whereas SGs and PBs are less discriminating. SGs contain the 
majority of polyadenylated mRNAs that are subject to stress-
  induced translational arrest but exclude mRNAs encoding stress-
induced proteins such as HSP70. PBs contain mRNAs subject to 
general, nonsense-, and adenine/uridine-rich element–mediated 
decay as well as mRNAs targeted by miRNAs and short inhibi-
tory RNAs. Fig. 1 lists representative proteins from different func-
tional classes that are components of RNA granules. Although 
the content of each type of RNA granule is distinct, many pro-
teins are found in more than one type of granule. Besides varying 
in mRNA selectivity, different RNA granules contain or exclude 
ribosomes. Neuronal granules appear to contain both large and 
small ribosomal subunits, which are packaged in an inert fash-
ion that prevents translation. SGs contain only small ribosomal 
subunits derived from disassembled polysomes, whose mRNA is 
being remodeled and sorted for export to other sites. Finally, PBs 
lack ribosomal subunits altogether, nor do they contain transla-
tional initiation factors (other than eIF4E). Thus, the ribosomal 
composition of these granules correlates with their functions: 
neuronal granules house pretranslational mRNA, SGs harbor 
mRNA from translationally terminating RNA (e.g., disassem-
bling polysomes), and PBs contain mRNA selected for decay.
Despite recent progress, we know almost nothing about 
the signaling pathways and molecular mechanisms governing 
formation and disassembly of mRNA granules. We lack a com-
plete list of components for a single type of RNA granule, even 
within a single species or cell type. In all likelihood, yeast ge-
netics will continue to point the way toward understanding PB 
dynamics and regulation, but because many relevant PB compo-
nents (e.g., GW182, hedls, and argonaute) are not found in yeast, 
studies of higher eukaryotes are also essential. A deeper under-
standing of the smallest and most ancient RNA granule may re-
veal principles that are applicable to the other granules described 
in this study. To borrow on an analogy, mRNA molecules lead 
complicated lives (Moore, 2005) and complicated deaths. Each 
mRNA transcript exhibits changes in wardrobe and location that 
correlate with its functional state throughout its lifetime. Protein 
coats are added cotranscriptionally and are then modifi  ed during 
splicing and transport to the cytoplasm. Cytoplasmic transcripts 
may be bundled into a germ cell or neuronal granule for matura-
tion or transport to the worksite, dressed in a different protein 
uniform, and released for productive translation. If the cellular 
economy sours (stress), the transcript may be temporarily re-
tired to an SG. If the cellular economy recovers, the transcript 
can redress and resume production at a polysome. If the cellular 
economy remains depressed, the transcript can be delivered to 
a PB to die. Thus, the localization of the transcript is linked to 
changes in wardrobe (protein clothing) and functional state 
(translating, silenced, or decaying). Whether the protein coat 
  determines or refl  ects the localization and functional state of a 
mRNA transcript appears to be a “chicken or egg” question at 
present. Nevertheless, our understanding of the complicated 
lives of mRNA requires further   elucidation of the key molecular 
events that dictate its wardrobe, location, and functional state.
We thank Georg Stoecklin and Keith Blackwell for critical review of the manu-
script. Due to space constraints, we were unable to cite every important refer-
ence relating to this large ﬁ  eld of research.
This work was supported by the National Institutes of Health grants 
AI33600 and AI50167.
Submitted: 14 December 2005
Accepted: 6 February 2006
References
Amiri, A., B.D. Keiper, I. Kawasaki, Y. Fan, Y. Kohara, R.E. Rhoads, and 
S. Strome. 2001. An isoform of eIF4E is a component of germ gran-
ules and is required for spermatogenesis in C. elegans. Development. 
128:3899–3912.
Anderson, P., and N. Kedersha. 2002. Stressful initiations. J. Cell Sci. 
115:3227–3234.
Atlas, R., L. Behar, E. Elliott, and I. Ginzburg. 2004. The insulin-like growth 
factor mRNA binding-protein IMP-1 and the Ras-regulatory protein 
G3BP associate with tau mRNA and HuD protein in differentiated P19 
neuronal cells. J. Neurochem. 89:613–626.
Audhya, A., F. Hyndman, I.X. McLeod, A.S. Maddox, J.R. Yates III, A. Desai, 
and K. Oegema. 2005. A complex containing the Sm protein CAR-1 and 
the RNA helicase CGH-1 is required for embryonic cytokinesis in 
Caenorhabditis elegans. J. Cell Biol. 171:267–279.RNA GRANULES • ANDERSON AND KEDERSHA 807
Bashkirov, V.I., H. Scherthan, J.A. Solinger, J.M. Buerstedde, and W.D. Heyer. 
1997. A mouse cytoplasmic exoribonuclease (mXRN1p) with preference 
for G4 tetraplex substrates. J. Cell Biol. 136:761–773.
Boag, P.R., A. Nakamura, and T.K. Blackwell. 2005. A conserved RNA-protein 
complex component involved in physiological germline apoptosis regula-
tion in C. elegans. Development. 132:4975–4986.
Brengues, M., D. Teixeira, and R. Parker. 2005. Movement of eukaryotic 
mRNAs between polysomes and cytoplasmic processing bodies. Science. 
310:486–489.
Cande, C., N. Vahsen, D. Metivier, H. Tourriere, K. Chebli, C. Garrido, J. Tazi, 
and G. Kroemer. 2004. Regulation of cytoplasmic stress granules by 
apoptosis-inducing factor. J. Cell Sci. 117:4461–4468.
Coller, J., and R. Parker. 2005. General translational repression by activators of 
mRNA decapping. Cell. 122:875–886.
Cougot, N., S. Babajko, and B. Seraphin. 2004. Cytoplasmic foci are sites of 
mRNA decay in human cells. J. Cell Biol. 165:31–40.
Dunand-Sauthier, I., C. Walker, C. Wilkinson, C. Gordon, R. Crane, C. Norbury, 
and T. Humphrey. 2002. Sum1, a component of the fi  ssion yeast eIF3 
translation initiation complex, is rapidly relocalized during environmen-
tal stress and interacts with components of the 26S proteasome. Mol. Biol. 
Cell. 13:1626–1640.
Eystathioy, T., E.K. Chan, S.A. Tenenbaum, J.D. Keene, K. Griffi  th, and M.J. 
Fritzler. 2002. A phosphorylated cytoplasmic autoantigen, GW182, asso-
ciates with a unique population of human mRNAs within novel cytoplas-
mic speckles. Mol. Biol. Cell. 13:1338–1351.
Eystathioy, T., A. Jakymiw, E.K. Chan, B. Seraphin, N. Cougot, and M.J. Fritzler. 
2003. The GW182 protein colocalizes with mRNA degradation associ-
ated proteins hDcp1 and hLSm4 in cytoplasmic GW bodies. RNA. 
9:1171–1173.
Fenger-Gron, M., C. Fillman, B. Norrild, and J. Lykke-Andersen. 2005. Multiple 
processing body factors and the ARE binding protein TTP activate mRNA 
decapping. Mol. Cell. 20:905–915.
Ferraiuolo, M.A., S. Basak, J. Dostie, E.L. Murray, D.R. Schoenberg, and N. 
Sonenberg. 2005. A role for the eIF4E-binding protein 4E-T in P-body 
formation and mRNA decay. J. Cell Biol. 170:913–924.
Fukuhara, N., J. Ebert, L. Unterholzner, D. Lindner, E. Izaurralde, and E. Conti. 
2005. SMG7 is a 14-3-3-like adaptor in the nonsense-mediated mRNA 
decay pathway. Mol. Cell. 17:537–547.
Gallouzi, I.E., C.M. Brennan, M.G. Stenberg, M.S. Swanson, A. Eversole, N. 
Maizels, and J.A. Steitz. 2000. HuR binding to cytoplasmic mRNA is 
perturbed by heat shock. Proc. Natl. Acad. Sci. USA. 97:3073–3078.
Gilks, N., N. Kedersha, M. Ayodele, L. Shen, G. Stoecklin, L.M. Dember, and 
P. Anderson. 2004. Stress granule assembly is mediated by prion-like 
 aggregation  of  TIA-1.  Mol. Biol. Cell. 15:5383–5398.
Hegner, R.W. 1914. Studies on germ cells. I. The history of the germ cells in in-
sects with special reference to the Keimbahn-determinants. II. The origin 
and signifi  cance of the Keimbahn-determinants in animals. J. Morphol. 
25:375–509.
Hua, Y., and J. Zhou. 2004. Survival motor neuron protein facilitates assembly of 
stress granules. FEBS Lett. 572:69–74.
Huttelmaier, S., D. Zenklusen, M. Lederer, J. Dictenberg, M. Lorenz, X. Meng, 
G.J. Bassell, J. Condeelis, and R.H. Singer. 2005. Spatial regulation of 
beta-actin translation by Src-dependent phosphorylation of ZBP1. Nature. 
438:512–515.
Ingelfi  nger, D., D.J. Arndt-Jovin, R. Luhrmann, and T. Achsel. 2002. The human 
LSm1-7 proteins colocalize with the mRNA-degrading enzymes Dcp1/2 
and Xrnl in distinct cytoplasmic foci. RNA. 8:1489–1501.
Jakymiw, A., S. Lian, T. Eystathioy, S. Li, M. Satoh, J.C. Hamel, M.J. Fritzler, 
and E.K. Chan. 2005. Disruption of GW bodies impairs mammalian RNA 
interference. Nat. Cell Biol. 7:1167–1174.
Johnstone, O., and P. Lasko. 2001. Translational regulation and RNA localization 
in Drosophila oocytes and embryos. Annu. Rev. Genet. 35:365–406.
Kayali, F., H.L. Montie, J.A. Rafols, and D.J. DeGracia. 2005. Prolonged trans-
lation arrest in reperfused hippocampal cornu Ammonis 1 is mediated by 
stress granules. Neuroscience. 134:1223–1245.
Kedersha, N., and P. Anderson. 2002. Stress granules: sites of mRNA triage 
that regulate mRNA stability and translatability. Biochem. Soc. Trans. 
30:963–969.
Kedersha, N.L., M. Gupta, W. Li, I. Miller, and P. Anderson. 1999. RNA-binding 
proteins TIA-1 and TIAR link the phosphorylation of eIF-2a to the as-
sembly of mammalian stress granules. J. Cell Biol. 147:1431–1441.
Kedersha, N., M.R. Cho, W. Li, P.W. Yacono, S. Chen, N. Gilks, D.E. Golan, and P. 
Anderson. 2000. Dynamic shuttling of TIA-1 accompanies the recruitment 
of mRNA to mammalian stress granules. J. Cell Biol. 151:1257–1268.
Kedersha, N., S. Chen, N. Gilks, W. Li, I.J. Miller, J. Stahl, and P. Anderson. 
2002. Evidence that ternary complex (eIF2-GTP-tRNA(i)(Met))-defi  cient 
preinitiation complexes are core constituents of mammalian stress 
 granules.  Mol. Biol. Cell. 13:195–210.
Kedersha, N., G. Stoecklin, M. Ayodele, P. Yacono, J. Lykke-Andersen, M. 
Fritzler, D. Scheuner, R. Kaufman, D.E. Golan, and P. Anderson. 2005. 
Stress granules and processing bodies are dynamically liked sites of 
mRNP remodeling. J. Cell Biol. 169:871–884.
Kim, W.J., S.H. Back, V. Kim, I. Ryu, and S.K. Jang. 2005. Sequestration 
of TRAF2 into stress granules interrupts tumor necrosis factor signaling 
under stress conditions. Mol. Cell. Biol. 25:2450–2462.
Kimball, S.R., R.L. Horetsky, D. Ron, L.S. Jefferson, and H.P. Harding. 
2003. Mammalian stress granules represent sites of accumulation of 
stalled translation initiation complexes. Am. J. Physiol. Cell Physiol. 
284:C273–C284.
Kosik, K.S., and A.M. Krichevsky. 2002. The message and the messenger: deliv-
ering RNA in neurons. Sci. STKE. doi:10.1126/stke.2002.126.pe16.
Krichevsky, A.M., and K.S. Kosik. 2001. Neuronal RNA granules: a link be-
tween RNA localization and stimulation-dependent translation. Neuron. 
32:683–696.
Lall, S., F. Piano, and R.E. Davis. 2005. Caenorhabditis elegans decapping 
  proteins: localization and functional analysis of Dcp1, Dcp2, and DcpS 
during embryogenesis. Mol. Biol. Cell. 16:5880–5890.
Leatherman, J.L., and T.A. Jongens. 2003. Transcriptional silencing and transla-
tional control: key features of early germline development. Bioessays. 
25:326–335.
Liu, J., F.V. Rivas, J. Wohlschlegel, J.R. Yates, R. Parker, and G.J. Hannon. 
2005a. A role for the P-body component GW182 in microRNA function. 
Nat. Cell Biol. 7:1161–1166.
Liu, J., M.A. Valencia-Sanchez, G.J. Hannon, and R. Parker. 2005b. MicroRNA-
dependent localization of targeted mRNAs to mammalian P-bodies. Nat. 
Cell Biol. 7:719–723.
Mangiardi, D.A., K. McLaughlin-Williamson, K.E. May, E.P. Messana, D.C. 
Mountain, and D.A. Cotanche. 2004. Progression of hair cell ejection and 
molecular markers of apoptosis in the avian cochlea following gentamicin 
treatment. J. Comp. Neurol. 475:1–18.
McEwen, E., N. Kedersha, B. Song, D. Scheuner, N. Gilks, A. Han, J.J. Chen, 
P. Anderson, and R.J. Kaufman. 2005. Heme-regulated inhibitor (HRI) 
kinase-mediated phosphorylation of eukaryotic translation initiation fac-
tor 2 (eIF2) inhibits translation, induces stress granule formation, and me-
diates survival upon arsenite exposure. J. Biol. Chem. 280:16925–16933.
Metschnikoff, E. 1865. Veber die Entwicklung der Cecidomyienlarven aus dem 
Pseudovum. Arch. furr Naturg. Bd 1. 
Moeller, B.J., Y. Cao, C.Y. Li, and M.W. Dewhirst. 2004. Radiation activates 
HIF-1 to regulate vascular radiosensitivity in tumors: role of reoxygen-
ation, free radicals, and stress granules. Cancer Cell. 5:429–441.
Moore, M.J. 2005. From birth to death: the complex lives of eukaryotic mRNAs. 
Science. 309:1514–1518.
Navarro, R., and T.K. Blackwell. 2005. Requirement for P granules and meiosis 
for accumulation of the germline RNA helicase CGH-1. Genesis. 
42:172–180.
Nover, L., K.D. Scharf, and D. Neumann. 1989. Cytoplasmic heat shock gran-
ules are formed from precursor particles and are associated with a specifi  c 
set of mRNAs. Mol. Cell. Biol. 9:1298–1308.
Pillai, R.S., S.N. Bhattacharyya, C.G. Artus, T. Zoller, N. Cougot, E. Basyuk, E. 
Bertrand, and W. Filipowicz. 2005. Inhibition of translational initiation 
by Let-7 MicroRNA in human cells. Science. 309:1573–1576.
Rehwinkel, J., I. Behm-Ansmant, D. Gatfi  eld, and E. Izaurralde. 2005. A crucial 
role for GW182 and the DCP1:DCP2 decapping complex in miRNA-
  mediated gene silencing. RNA. 11:1640–1647.
Ritter, R. 1890. Die Entwicklung dur Geschlechtsorgane und des Darmes bei 
Chiromomus. Zeit. furr Wiss. Zool. Bd. 50. 
Schisa, J.A., J.N. Pitt, and J.R. Priess. 2001. Analysis of RNA associated 
with P granules in germ cells of C. elegans adults. Development. 
128:1287–1298.
Sen, G.L., and H.M. Blau. 2005. Argonaute 2/RISC resides in sites of mammalian 
mRNA decay known as cytoplasmic bodies. Nat. Cell Biol. 7:633–636.
Sheth, U., and R. Parker. 2003. Decapping and decay of messenger RNA occur 
in cytoplasmic processing bodies. Science. 300:805–808.
Smart, F.M., G.M. Edelman, and P.W. Vanderklish. 2003. BDNF induces trans-
location of initiation factor 4E to mRNA granules: evidence for a role of 
synaptic microfi   laments and integrins. Proc. Natl. Acad. Sci. USA. 
100:14403–14408.
Stoecklin, G., T. Stubbs, N. Kedersha, T.K. Blackwell, and P. Anderson. 2004. 
MK2-induced tristetraprolin:14-3-3 complexes prevent stress granule 
  association and ARE-mRNA decay. EMBO J. 23:1313–1324.
Stoecklin, G., T. Mayo, and P. Anderson. 2006. ARE-mRNA degradation re-
quires the 5′-3′ decay pathway. EMBO Rep. 7:72–77.JCB • VOLUME 172 • NUMBER 6 • 2006 808
Teixeira, D., U. Sheth, M.A. Valencia-Sanchez, M. Brengues, and R. Parker. 
2005. Processing bodies require RNA for assembly and contain nontrans-
lating mRNAs. RNA. 11:371–382.
Thomas, M.G., L.J. Tosar, M. Loschi, J.M. Pasquini, J. Correale, S. Kindler, and 
G.L. Boccaccio. 2005. Staufen recruitment into stress granules does not 
affect early mRNA transport in oligodendrocytes. Mol. Biol. Cell. 
16:405–420.
Tourriere, H., I.E. Gallouzi, K. Chebli, J.P. Capony, J. Mouaikel, P. van der Geer, 
and J. Tazi. 2001. RasGAP-associated endoribonuclease G3Bp: selective 
RNA degradation and phosphorylation-dependent localization. Mol. Cell. 
Biol. 21:7747–7760.
Tourriere, H., K. Chebli, L. Zekri, B. Courselaud, J.M. Blanchard, E. Bertrand, 
and J. Tazi. 2003. The RasGAP-associated endoribonuclease G3BP as-
sembles stress granules. J. Cell Biol. 160:823–831.
Unterholzner, L., and E. Izaurralde. 2004. SMG7 acts as a molecular link be-
tween mRNA surveillance and mRNA decay. Mol. Cell. 16:587–596.
van Dijk, E., N. Cougot, S. Meyer, S. Babajko, E. Wahle, and B. Seraphin. 2002. 
Human Dcp2: a catalytically active mRNA decapping enzyme located in 
specifi  c cytoplasmic structures. EMBO J. 21:6915–6924.
van Dijk, E., H. Le Hir, and B. Seraphin. 2003. DcpS can act in the 5′-3′ mRNA 
decay pathway in addition to the 3′-5′ pathway. Proc. Natl. Acad. Sci. 
USA. 100:12081–12086.
Wilczynska, A., C. Aigueperse, M. Kress, F. Dautry, and D. Weil. 2005. The 
translational regulator CPEB1 provides a link between dcp1 bodies and 
stress granules. J. Cell Sci. 118:981–992.
Yu, J.H., W.H. Yang, T. Gulick, K.D. Bloch, and D.B. Bloch. 2005. Ge-1 is a 
central component of the mammalian cytoplasmic mRNA processing 
body. RNA. 11:1795–1802.